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ABSTRACT. Analysis of researches on the study of the material particle 
movement on the vibrating surface of the container machine intended for 
seed drying in the infrared field is carried out. Comparison of traditional 
devices for dehydration of raw materials with energy supply of infrared 
irradiation is performed. It is shown that current tendencies of the 
development of heat and mass transfer equipment are connected with the 
use of electromagnetic generators of infrared energy. The purpose of the 
work is to study the process of movement of sunflower seeds on a vibrating 
tray dryer. To achieve this goal, a dynamic scheme of the vibrating tray 
has been proposed and theoretical and experimental studies of the process 
of grain movement have been carried out. It has been established that when 
the speed of drive electric motors increases from 950 to 970 rotations per 
minute, the speed of vibro-transportation increases as well, but when 
reaching a certain value of speed, under a further increase in speed, the 
speed of vibro-transportation decreases. Experimental studies have 
allowed to specify the design parameters of vibrating trays and select 
rational parameters of the technological process of drying, namely the 
oscillation frequency of the vibrating tray, which is f = 100 s–1.  
© 2021 Akadeemiline Põllumajanduse Selts. | © 2021 Estonian Academic Agricultural Society. 
 
Introduction 
Analysis of recent research and publications 
Zare et al. (2014) studied the kinetics of paddy drying 
using a hot air-infrared dryer. They used three levels of 
inlet air temperature (30, 40 and 50 °C), three levels of 
air velocities (0.01, 0.015 and 0.020 m s–1) and three 
levels of infrared radiation intensity (2000, 4000 and 
6000 W m2 –1). They reported that the application of 
low-intensity infrared radiation with lower values of 
inlet air temperature and moderate values of inlet air 
velocity can effectively improve the final quality of 
paddy in terms of bending stress and percentage of 
cracked kernels. 
Nindo et al. (1995) stated that although infrared 
heating is a rapid drying method, it is suitable for 
surface heating applications. When the increase in the 
grain bed depth is desired, the layer close to the infrared 
source dries more quickly compared to the deeper 
layers. One of the methods for faster and uniform 
drying of grains is the use of vibration. 
Finzer et al. (2003) studied the drying of coffee 
berries in a hot air vibration dryer. They reported that 
vibration can improve product quality. In addition, the 
combination of hot air vibration reduces the time of 
drying. 
In their article, Das et al. (2009) reported that both 
heating and drying of high moisture paddy using 
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vibrating platform coupled with infrared heating source 
dryer give uniform and quick-drying by exposing every 
grain uniformly to the IR source. A laboratory appara-
tus capable of modulating both frequency and ampli-
tude of vibration has been developed to study vibration 
aided drying characteristics of high moisture paddy. 
The effective moisture diffusivity of the grain during 
drying under this model has been evaluated. The drying 
characteristics of high moisture paddy have been 
studied under different vibrating conditions for five 
levels of radiation intensity (1509, 2520, 3510, 4520 
and 5514 Wm2 –1) and four levels of grain bed depths 
(single kernel thickness of 3, 6, 12 and 25 mm). The 
optimum frequency and amplitude of the vibrations are 
in the range of 20–22 Hz and 8–9 mm for all the three-
grain bed depths of paddy (25, 12 and 6 mm) for 
obtaining nearly complete and uniform mixing (mixing 
index ffi 1.0). 
Some of the authors as Tripathy, Kumar (2008); 
Coradi et al. (2016) focused on the mathematical 
modelling of various drying processes and process 
identification. Using a proper model, it is possible to 
predict the final moisture content in a product, and 
therefore models are often used as tools to estimate the 
optimal heating or cooling time to optimize product 
quality. 
Drying behaviour of corn and modes of drying bed 
(fixed and vibratory) were investigated on grain 
moisture variation during the drying process by 
Nourmohamadi-Moghadami et al. (2017). Corn kernels 
were dehydrated from the initial moisture content of 
24.5 ± 0.5% (w.b) to the final moisture content of 
14 ± 0.2%. The thin layer drying characteristics were 
experimentally investigated and appropriate mathema-
tical drying models were correlated with temperature 
and radiation intensity. Among models fitted to experi-
mental data, the Page model was found to be the best 
model for describing the drying behaviour of corn in 
thin layer drying form. The effective moisture diffusi-
vity ranged from 0.6170 × 10-8 m2 s–1 for the vibratory 
bed mode. 
Bulgakov et al. (2018) proposed technologies of 
targeted energy supply for intensification of heat-and-
mass transfer when drying rapeseed and other food raw 
materials. Bandura et al. (2019) describe the technolo-
gical features of drying sunflower seeds using infrared 
energy supply and substantiates the prospects of vibra-
tion monolayer drying sunflower seeds. Specific 
energy costs in the process of infrared drying of the 
product are determined. An infrared dryer design has 
been developed, which ensures uniform drying of 
sunflower seeds by the principle of vibration fluidiza-
tion. Vibrators installed on both sides of the machine 
provide the necessary vibration parameters of the 
working body of the vibrating dryer. Even when the 
product is fed to the working body of the vibrating 
dryer, a uniform, completely distributed flow of raw 
materials is created through vibration. This saves space 
and increases the efficiency and quality of drying.  
 
Formulation of the problem 
Traditionally, convective drying technologies are 
widely used in the food and processing industry and 
implemented in dryers of various designs, including 
mine, band, drum-type ones, in which heat is transfer-
red to raw materials utilizing a drying agent, through 
the outer shell of the product to inner layers. Analysis 
of the most widespread technologies of convective 
drying reveals that drying equipment does not meet 
modern requirements by the energy consumption, 
ecological regulations, and safety of grain goods. 
Reduction of energy costs for drying oilseeds as the 
most energy-intensive process in its production is 
considered to be the most important task in the develop-
ment of new drying technologies and designs of dryers 
as well as the improvement of existing ones. Any 
modernization of the dryer can be considered quite 
effective if the reduction of specific energy costs is 
achieved under compulsory maintenance of the product 
quality.  
Traditional approaches to drying technologies have 
faced several insurmountable contradictions. On the 
one hand, to intensify the processes of heat-and-mass 
transfer, it is necessary to increase the speed (i.e. 
consumption) of the drying agent. On the other hand, 
the higher the coolant consumption is, the more heat 
energy is lost with the emissions of the installation. The 
way out for resolving this contradiction is surely based 
on changes in the principles of energy supply to grain. 
The proposed idea, which is defended in this paper, is 
based on two provisions. Firstly, it is necessary to 
remove from the air the task of the coolant and leave 
only the task of the diffusion medium, which provides 
an effective "reception" of moisture from the product. 
Secondly, it is necessary to organize the process of 
grain rotation to dry it evenly. This process can provide 
a combination of infrared energy supply and the use of 
vibration. However, if the drying processes in the 
infrared field have been sufficiently researched, the 
vibration processes, namely the dynamic process of 
grain movement, have been studied much less. 
The purpose of the work is to study the movement of 
sunflower seeds on the vibrating tray dryer and rational 
parameters of the technological process of drying. 
Material and Methods 
In the vibrating dryer, the technological processing of 
grain is carried out in the course of its movement on the 
working body of the machine. In this regard, the 
decisive influence on the efficiency of the process of 
technological processing of the product is made by the 
observance of necessary modes (speed) of vibratory 
movement and heat transfer to the processed product. 
When determining effective modes of transport and 
technological machines, it is of great interest to 
establish the dependence of the transportation speed, 
energy consumption of the process, the degree of speed 
transfer to the processed product, its mixing intensity, 
the combination of vibration boiling conditions, etc. on 
the parameters of oscillation modes(shape of the 
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trajectory, frequencies, amplitudes, phase shift angle 
between harmonic components of double-component 
oscillations, the vibration angle and the angle of the 
working body). The study of the influence of charac-
teristics of the environment, degree of filling of the 
working body and operating conditions on the listed 
parameters of the process of vibration transport and 
technological processing is equally important.  
The developed vibrating dryer and the schematic 
diagram of the machine are shown in Figures 1 and 5, 
respectively. 
The machine consists of a closed housing 1, on the 
platforms 2 of which using elastic elements 3 thermal 4 
and grate 5 trays are installed. The working path of 
thermal tray 4 is made of heat-resistant sheet steel. The 
working path of the grate tray is formed by longitudinal 
vertical strips 7 welded to the brackets 8, so that there 
is a longitudinal gap δ = 1.5–2.0 mm between them. In 
the middle of each tray, vibratory drives containing two 




Figure 1. Photo of the experimental vibrating tray infrared dryer 
 
Each centrifugal vibro-exciter comprises a shaft with 
unbalanced loads 9, which is connected through elastic 
coupling 10 with the asynchronous drive electric motor 
11. Moreover, in each vibratory drive, electric motors 
11 are connected in such a way that when connected to 
the network, their rotors rotate towards each other. 
Shafts with unbalanced loads 9 are mounted on 
bearings parallel to each other at an angle β to the 
planes of the working paths of the trays. Above the 
surfaces of thermal trays 4, there are fixed heat 
generators 12 (IR emitters). At the top and sides, 
thermal tray 4 is closed by thermal insulation 13. Above 
the beginning of the thermal tray 4, the feeding throat 
14 is fixed, and at the end of the impeller 15, at the 
beginning of the grate tray 5 there is fan discharge pipe 
16, and above the receiving hopper 6, there are outlet 
pipes 17 with adjusting gates 18. At the end of the grate 
tray 5, there is a receiving hopper 6. 
The machine works this way, when the drive electric 
motors 11 are switched on, their rotors start to rotate 
towards each other in each vibratory drive, which leads 
to dynamic synchronization of their rotation, as a result 
of which translational oscillations of trays 4 and 5 at an 
angle β to the planes of their working paths are 
generated. Bulk products are fed through the feeding 
throat 14 on the tray surface, where under the action of 
oscillations they are distributed in a monolayer. Under 
the action of oscillations of the trays between their 
surface and the particles of bulk products, there arises 
an asymmetry of friction forces, which leads to the 
directional movement of particles of bulk products 
(vibro-transportation) along the surface of the trays. 
The points on the surface of the trays oscillate relative 
to some centre without directional movement as a 
whole for a period of one oscillation. By changing static 
moments of the unbalanced loads 9 relative to the axis 
of rotation, the mode of vibro-transportation is estab-
lished with the continuous tossing of particles of bulk 
products during their movement along with the trays. 
The continuous tossing of product particles leads to 
their chaotic rotation when moving along the thermal 
trays 4, above which are heat generators 12 can be 
found and this contributes to their uniform irradiation 
on all sides with infrared rays, which leads to intensive, 
rapid and uniform heating of bulk granules.  
 
 
Figure 2. Scheme of laboratory vibrating dryer: 
1 – housing; 2 – platform; 3 – elastic elements; 4 – thermal tray; 
5 – grate tray; 6 – receiving hopper; 7 – longitudinal vertical 
strips; 8 – bracket; 9 – unbalanced load; 10 – elastic coupling; 
11– electric motor; 12 – heat generators; 13 – thermal 
insulation; 14 – feeding throat; 15 – impeller; 16 – fan; 17 – 
outlet pipes; 18 – adjusting gate 
 
Having passed the thermal tray, the heated bulk 
products are fed through the drum impeller 15 to the 
grate tray 5, where it is blown by atmospheric air from 
the fan 16. At the same time, continuous chaotic tossing 
and turning of product particles also improve the 
uniformity of their blowing with the air, which leads to 
an imbalance in the moisture content in product 
particles, when the water vapour pressure in them 
becomes greater than the partial vapour pressure of 
water in the air, as a result of which moisture begins to 
evaporate intensively (Bandura et al., 2019). Having 
passed the grate tray 5, the processed products are fed 
into the receiving hopper 19. The drum impeller 15 
prevents access of cold air flow from fan 16 into the 
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high-temperature chamber above the thermal tray 4 and 
at the same time allows the product to flow from the 
thermal tray 4 to the grate tray5. The intensity of 
airflows is regulated by gate 18. The speed of vibro-
transportation of bulk products, and therefore its time 
on the surface of the trays is regulated by changing the 
static moments of unbalanced loads 9 relative to their 
axis of rotation, or angle β. Since the infrared radiation 
of the heat generator 12 allows to create a very intense 
heat flow, which promotes rapid heating of product 
particles, and the process of moisture evaporation from 
them requires a longer time, the speed of vibro-trans-
portation on the grate 5 is set higher and it is made with 
wider working paths. 
Results and Discussion 
An experimental-industrial sample of a vibration 
machine (Bandura et al., 2019) for drying sunflower 
seeds allows a wide range of drying temperature control 
(from 20 to 180 °C), air velocity varies within 0.5–
2.5 mm s–1, oscillation amplitude of the working body 
of the vibration dryer, i.e. vibrating tray (0.5–6.0 mm). 
The dynamic scheme of the vibration tray is shown in 
Figure 3. The working body (tray) is considered to be a 
rigid solid body, which is mounted on a fixed base 
through sufficiently soft elastic elements with rigidity k 
and resistance coefficient b. Two unbalanced vibrators 
are mounted on the tray, symmetrically to the vertical 
axis, at the distance l from each other. The axes of 
rotation of vibrators are in the plane that passes through 
the centre of the mass of the vibrating tray. Vibrators 
are equipped with drive electric motors that rotate 
towards each other. The generalized coordinates of the 
system are as follows: x, y and φ, which correspond to 
the horizontal, vertical and angular movement of the 
tray. Chubyk, Yaroshenko (2011) in their work showed 
the differential equation of motion of the vibrating tray 








+ 𝑘 ∙ 𝑠 = 𝐹0 ∙ sin(𝜔 ∙ 𝑡) , (1) 
 
where M – the reduced mass of the vibrating tray; 





; (f – friction forces, air resistance); 
 
k – rigidity of the elastic system of the vibrating tray; 
F0– cyclic coercive force. 
 
The cyclic centrifugal coercive force that occurs 
during the rotation of imbalances, the location of which 
on the drive shaft is shown in Figure 4, will be equal to:  
 
 F = munb · e · ω2, (2)
 
 
where m – the mass of the unbalanced load of vibrators; 
е – eccentricity of an unbalanced load of vibrators; 
ω – angular velocity of the drive shaft rotation. 
 
 
Figure 3. Calculation scheme of the unbalanced vibro-exciter 
of oscillationsof the vibration tray:1 – working body; 2 – spring; 
3 – support frame; 4 – unbalanced load 
 
 
Figure 4.The layout of imbalances on the drive shaft  
 
Analyzing the initial Equation (1), it can be concluded 
that if the circular frequency ω of the external coercive 
forceF0 is small compared to the natural frequency ω0of 
the vibrating tray, then in the left part of the Equation 
(1), according to Timoshenko et al. (1985), a substan-
tial role is played only by the member k · s ≈ F0 · 
sin(ω · t). Therefore, under ω<ω0the external force is 
mainly spent on overcoming the elastic forces in the 




) coincides with the phase with the exter-
nal force. 
If the frequency ω of the external coercive forceF0 is 
large compared to the natural oscillation frequencyω0 
of the vibrating tray, then in the left part of Equation 
(1), according to Timoshenko et al. (1985), an impor-







≈ 𝐹0 ∙ sin⁡(𝜔 ∙ 𝑡),i.e. under ω>ω0 the external 
force is mainly spent to give acceleration to the vibra-




coincides by the phase with the external force, and the 
displacement has the opposite phase. In the field of 
resonance, when ω≈ω0 members (𝑀
𝑑2𝑠
𝑑𝑡2
), and (k · s) are 
approximately the same by their meaning but opposite 
to the sign. Since the oscillations of the vibrating tray 
occur according to the law s = S · sin (ω · t), then: 
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=–𝑀 ∙ 𝜔2 ∙ 𝑆 ∙ sin(𝜔 ∙ 𝑡),⁡ 
 
(3) 









) ≈ 𝑘𝑠. 
 
Both of these terms compensate each other in Equa-





≈ 𝐹0 ∙ sin(𝜔 ∙ 𝑡). (4) 
 
Based on Equation (4) and considering the research 
conducted by Timoshenko et al. (1985), it can be con-
cluded that in the field of resonance (ω≈ω0) the elastic 
system itself, overcoming external forces, gives neces-
sary acceleration to the mass m; the role of the external 
force is reduced to overcoming the forces of friction, 




by its phase with the external force. Moreover, the 
external force F0performs the most useful work because 
the direction of the vibrating tray constantly coincides 
with the direction of external coercive force. And vice 
versa, when ω is substantially different fromω0, the 
direction of movement of the vibrating tray coincides 
with coercive force during some part of the period, and 
during the second part of the period, it is opposite to it. 
Therefore, from the energy point of view, the 
phenomenon of resonance is caused by the fact that 
when the frequenciesω≈ω0coincide, the most favou-
rable conditions are provided for the entry of energy 
into the system from an external source.  
According to Timoshenko et al. (1985) and Povidailo 
(2004), the solution of a differential Equation (1) can 
be expressed as the following: 
 


































 𝜀 = arctan (
𝑏 ∙ 𝜔
–𝑀 ∙ 𝜔2 + 𝑘
) = arctan(












The concept of dynamic coefficient of the gain coeffi-
cient is introduced for resonant machines designed by 
Timoshenko et al. (1985); Povidailo (2004). This 
coefficient characterizes the dynamic properties of 
resonant machines throughout the amplitude-frequency 


























– the adjustment coefficient (Povidailo, 
2004). 
 
Vibrating trays are devices for the continuous supply 
of bulk (grain) material. The vibrating tray is usually 
inclined at an angle α to the horizon (Fig. 5) and 
receives a reciprocating movement with small ampli-
tude and significant frequency in the direction at an 
angle β to the working surface of the tray.  
If the translational movement of the tray is slow and 
the reverse one is fast, then the particle of bulk material 
lying on the tray will move only translationally. Since 
the movement of the particle occurs under the action of 
friction, which cannot be greater than G𝑓, then the 
maximum acceleration of the particle Wcr (so-called 
critical) will determine the nature of the particle move-
ment. If the acceleration of the tray is greater than the 
critical one, then the particle will slip on the tray in the 
direction that is opposite to the movement of the tray.  
 
 
Figure 5. Scheme of action of forces on a particle of bulk 
material, which is placed on a vibrating tray 
 
If the forward movement of the particle requires an 
oscillating motion (Povidailo, 2004), with different 
accelerations in the forward and reverse directions, then 
in the case of the forward movement of the tray, the 
acceleration will be less𝑊𝑐𝑟, i.e.𝑊𝑡𝑟
ƒ
< 𝑊𝑐𝑟and the 
particle will move together with the tray without 
slipping, in the case of the tray movement back under  
𝑊𝑡𝑟
𝑏 > 𝑊𝑐𝑟, the particle will slide forward on the tray. 
Critical acceleration, the excess of which will create a 
sliding particle relative to the tray "back – down", is 
equal to:  
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𝑊𝑐𝑟
𝐻 = 𝑔(𝑓⁡cos⁡𝛼– sin⁡𝛼) , (7) 
 
According to Povidailo (2004), the critical accelera-
tion, the excess of which will create sliding of the 
particle relative to the tray "forward – up", is equal to: 
 
𝑊𝑐𝑟
𝑏 = 𝑔(𝑓⁡𝑐𝑜𝑠⁡𝛼– sin⁡𝛼) , (8) 
 
where g – acceleration of gravity; 
f – coefficient of friction of the particle on the tray. 
 
When the tray moves up, the force of inertia of the 
particle will act opposite to the direction of movement 
and press the particle to the tray, increasing the friction 
force under the action of which the particle moves. 
When the tray moves down, the force of inertia will 
reduce the pressure of the particle on the tray and 
thereby reduce the friction force, creating conditions 
for forwarding sliding of the particle on the tray. 
Depending on the tray acceleration and angles βandα, 
there may be different modes of particle movement, 
both detachable, when the material particle – part of 
each cycle – flies without touching the tray surface, and 
continuous, when the particle is constantly in contact 
with the tray surface.  
In our opinion, detachable modes are the most 
effective modes of operation of the vibrating tray, 
which enable to obtain high speeds of movement under 
high efficiency and maintenance of high stability of the 
particle movement. The main conditions that determine 
the particle movement are the angles of the tray and 
direction of vibration, speed and acceleration of the 
tray, as well as the coefficient of sliding friction 
𝑓between the particle and the tray.  
To describe the oscillatory movement of the vibrating 
tray, it is possible to accept two coordinate systems, i.e. 
axes of coordinates: the first one is ХОУ – motionless 
(on a bed of the bunker), connected with a motionless 
bed, the second one is Х1О1У1 – relative, and connected 
with a mobile tray (Fig. 5). When considering the 
movement of the particle of bulk material on a tray 
inclined at an angle αto the horizon, which performs 
harmonic oscillations at an angle β (under β > α), the 
equation of the tray movement in the coordinate system 



















𝜔 sin𝜑 , (12) 
 
where Atr – amplitude of tray oscillations in the 
direction in parallel to its working surface; 
Аn – amplitude of oscillations in the direction 
perpendicular to the working surface of the tray; 
ω– angular frequency of the tray oscillations; 
φ = ω t –phase angle of oscillations; 
t – time. 
 
Differential equation of motion of the particle of bulk 
material and the initial period relative to the tray in the 
coordinate system Х1О1У1connected with the tray is as 
follows: 
 
𝑚ẍ′ = −𝑚𝑔 sin𝛼 − 𝑚
𝐴𝑡𝑟
2
𝜔2⁡cos⁡𝜑 + 𝐹 , (13) 
𝑚ӱ′ = −𝑚𝑔⁡cos⁡𝛼 − 𝑚
𝐴𝑡𝑟
2
𝜔2cos⁡𝜑 + 𝑁 , (14) 
 
Where m – the mass of bulk material;  
g – acceleration of gravity;  
N – normal reaction;  
F– force of friction.  
 
The process of movement of the particle of bulk 
material in the modes with its separation from the tray 
in the general case can be considered in five stages. At 
the first stage (acceleration stage), the particle of bulk 
material is in the plane of the tray (ӱ' = 0). The equation 
of the particle movement at the first stage is as follows:
While the equation of absolute motion (i.e. relative to 
a fixed coordinate system) will be as follows: 
 
ẍ𝑎 = 𝑔(𝑓⁡cos⁡α − sin⁡α) +
𝐴𝑛
2




(𝑓⁡cos⁡𝛼 − sin⁡𝛼) +
𝐴𝑛
2
𝑓𝑊⁡sin⁡𝜑 + 𝐶 , (17) 
 
where (φ = 0, C = 0) 
  
According to Bandura et al. (2019), since the tray 
performs harmonic oscillations, the particle slides 
relative to the tray and moves with the acceleration 
determined by the formula (16). The speed of the 
particle increases along the curve expressed by Equa-
tion (17) until the speeds of the particle and the tray are 
equalized. At this point there comes the second stage, 
which is called the stage of the first braking. The 
particle begins to move with deceleration on the tray, 
which slows down, but faster than it. 
The equation of the particle movement at the stage of 
braking is as follows: 
 
ẍ𝑏1 =–𝑔(𝑓⁡cos⁡α + sin⁡α)⁡–
𝐴𝑛
2







𝑓𝜔⁡𝑠𝑖𝑛⁡𝜑 , (19) 
 
ẍ𝑎







   
. (15) 
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In the second quarter of the period of movement, 
acceleration of the tray will be negative and the force 
of inertia of the particle (Fig. 5) will be directed 
upwards, and at the moment when the normal reaction 
N becomes zero, the particle will separate from the tray.  
The phase angle at which the separation of the particle 
from the tray begins is equal to: 
 




) . (20) 
 
The mode of the particle movement, during its 
separation and its falling on the tray, depends on the 
magnitude of the amplitude of the normal acceleration 




, which is convenient to be set by a 






 , (21) 
𝜑 = arccos (–
1
𝜉
) . (22) 
 
From the moment the particle is separated from the 
tray, the third stage of the movement, i.e. a microflow 
of the particle in the air with the speed of separation, 
begins. Absolute acceleration of the particle along Х 
axis, if the air resistance is neglected, will be as follows: 
 




sin⁡𝛼 . (24) 
 
After the microflow, the duration of which depends 
on the mode of the tray operation, which is determined 
by the value of parameter ξ, the particle falls on the tray 
and the fourth stage of its movement, i.e. the stage of 
the second braking, begins. The phase angle of contact 




2– 1+√𝜉2 + 2𝜉 cos𝜑𝜀 + 1 . (25) 
 
Under efficient modes of the vibrating tray operation, 
the speed of the particle at the time of meeting with the 
tray (provided that the impact of the particle on the tray 
is not elastic) will be greater than the speed of the latter, 
so during the fourth stage, the particle will move with 
negative acceleration, as determined by the equations 
23 and 24, until the velocities of the particle and tray 
equalize.  
Then there begins a cycle, in which the particle will 
slip on the tray and its speed will increase, when the 
speeds of the particle and the tray get equalized, there 
will begin three other stages, movement of the next 
period. As a result of the first oscillation, the particle 
acquires a certain speed, the second oscillation leads to 
the particle acceleration to a slightly higher speed. 
During the next few oscillations, the increase in the 
speed of the particle will continue until the mode of 
steady motion begins. 
The latter will begin when the increase in the speed 
of the particle during acceleration will be equal to the 
sum of the speed drops during decelerations. The speed 
of the particle in the steady mode of operation will vary 
and range from 𝜐𝑚𝑎𝑥⁡to 𝜐𝑚𝑖𝑛. Under certain conditions, 
in addition to four stages of movement considered, 
there begins the fifth joint movement of the particle and 
the tray without slipping. This stage can occur either at 
the end of acceleration or at its beginning if at these 
moments tray acceleration will be less than critical. The 
occurrence of this condition can be recorded in general 
terms, considering the sum of projections of all forces 





𝜔2cos⁡𝜑 ≤ ±𝐹–𝑚𝑔⁡sin⁡𝛼  (26) 
 
In Equation 26 the sign "plus" is put for the segment 
of the particle acceleration, and the sign "minus" is put 
at the stopping segment.  
If the tray is given oscillating motion with accelera-
tions equal in absolute value in both directions, the 
action of the particle lying on it on the tray will not be 
the same when the tray moves in one direction or 
another, namely, when lifting the tray, the particle 
pressure on the tray will be higher when lowering it – 
smaller. So, the pressure of the particle on the tray when 
moving it up will be equal to:  
 
𝒬1 = 𝑚(𝑞𝑛 + 𝐽𝑛) , (27) 
 
where m– the mass of the particle; 
qn – component of acceleration of free fall that is 
normal to the tray surface; 
Jn – component of acceleration of the force of inertia 
that is normal to the tray surface. 
 
Thus, when moving down, the pressure of the particle 
on the tray will be as follows: 
 
𝒬2 = 𝑚(𝑞𝑛– 𝐽𝑛) . (28) 
 
When the tray is moving up, the force of inertia is as 
follows: 
 
𝑃1 = 𝑚(𝐽𝑡– 𝑞𝑡) , (29) 
 
where qt– component of acceleration of the free fall 
that is horizontal to the tray surface; 
Jn –component of acceleration of the force of inertia 
that is horizontal to the tray surface. 
 
The force of inertia when the tray is moving down: 
 
 P1 = m(Jt – qt). (30) 
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Since the interaction between the tray and the particle 
lying on it is determined by the force of friction that is 
equal to:  
 
𝐹 = 𝑓𝒬 , (31) 
 
where f – coefficient of friction 
 
Then acceleration of the tray is transmitted to the 
particle until the force of inertia of the particle does not 
exceed the force of friction, and if fm(qn + Jn) 
≥ m(Jt – qt), the particle moves up together with the 
tray. Under the reverse movement of the tray, when 
fm(qn–Jn) ≤ m(Jt – qt), the particle detaches from it and 
moves in the direction of the direct course of the tray 
on the parabola until a new collision with it. 
Vibratory movement of grains during the working 
process of their drying is performed as a result of the 
total effect of a large number of oscillations that follow 
one another. A very slight movement of grain occurs 
during one oscillation, however, since there are 1000–
3000 oscillations per minute, this process is very 
effective.  
For the mode of operation of a monolayer dryer, when 
vibro-transportation of grain is carried out on a vibra-
ting tray with continuous tossing (Banduraet al., 2019), 
the average speed of vibro-transportation (Ganiev, 
Ukrainskij, 1975), can be determined by the following 
dependence: 






∙ 𝑠𝑖𝑛⁡𝛽 ∙ 𝑡𝑔𝛼) , (32) 
 
where А – amplitude of oscillations of the tray 
surface, m; 
ω – tray oscillation frequency, s; 
β – angle between the direction of oscillation and the 
tray surface plane, β = 0…30°; 
α – angle of inclination of the tray surface to the 
horizon, α = 0–20°; 
λ – coefficient of instantaneous friction of grain on 
the tray surface when hitting, λ = 0.5–0.7; 
R– recovery coefficient when the grain hits the tray 
surface, R = 0.2–0.4. 
 
Since the dryer trays are placed horizontally, α = 0○. 
 
Then the required amplitude of oscillations of the tray 














In the developed experimental-industrial sample of 
the vibrating machine for drying sunflower seeds, it is 
constructively accepted: β = 30°, α = 0–20°, and 










∙ sin 30° ∙ 𝑡𝑔0°)
= 1,6 ∙ 10−3 , m (32) 
Based on the generalization of these studies, it is 
possible to determine the main characteristics of the 
process of transport and technological processing of 
various food products depending on the mode of 
operation of the vibrating machine and the properties of 
the moving mass. The main dependences of the speed 
of vibro-transportation on the speed of the drive electric 
motors have been investigated (Table 1). 
 
Table 1. Dependence of the speed of grain vibro-transportationon the speed of drive electric motors 
n, min 900 910 930 940 950 960 970 980 990 
v1, m s
–1  0.0188 0.0191 0.0195 0.0202 0.0200 0.0193 0.0187 0.0183 
v2, ms
–1 0.0114 0.0115 0.0120 0.0127 0.0134 0.0140 0.0141 0.0132 0.0124 
According to the graph of dependence of the speed of 
grain vibro-transportation on the speed of drive electric 
motors (Fig. 6), the speed of vibro-transportation 
increases under the growth of the engine speed. When 
reaching a certain value of speed, under a further 
increase in the engine speed of drive electric motors, 
the speed of grain vibro-transportation decreases. This 
nature of curves can be explained by the fact that at first 
there takes place continuous vibro-transportation of 
grain and therefore the speed increases under the 
increase in the engine speed. And at a certain value of 
the frequency of rotation, the particles of bulk products 
(grains) begin to break away from the tray and the 
speed of their movement along the tray begins to 
decrease. However, this improves the rotation of seeds 
during vibro-transportation, which contributes to their 
uniform heating at all sides. 
 
Figure 6. Dependence of the speed of grain vibro-transpor-
tation on the engine speed of the drive electric motors: 
1 – speed of vibro-transportion under eccentricity of im-
balances e = 0.025 m; 2 – speed of vibro-transportion under 












































Engine speed of the drive electric motors, n min–1
v1, m s–1
v2, m s–1
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The frequency of oscillations also has a significant 
effect on the drying process in a vibrating tray dryer of 
continuous action. Several experimental studies have 
been conducted taking into account the following 
considerations:  
 ensure the maximum intensity of the drying
process;
 create a monolayer of the product that moves
evenly and intensively, which will enable to avoid
overheating of the product and achieve its uniform
drying;
 application of vibration should make it possible to
rotate the seeds during vibro-transportation for
uniform irradiation at all sides.
Statistical analysis 
The influence of oscillation frequency of the vibration 
tray of the dryer on the drying kinetics of sunflower 
seeds was studied by the influence of dispersion 
analysis. The Cochren's test was used to check the 
homogeneity of the dispersions at each level of tray 
oscillations. The hypothesis of homogeneity of varian-
ces was accepted in the case when the tabular value of 
Cochren's criterion was greater than the calculated one. 
The variance differences were assessed by Fisher's test 
at a 5% significance level. If the tabular value of 
Fisher's criterion exceeded the calculated one, it meant 
that the influence of the level of the tray oscillation 
frequency on the drying kinetics of sunflower seeds 
exceeded the level of error of the experimental data. 
The results of studies on the influence of oscillation 
frequency of the vibrating tray on the kinetics of the 
process of drying sunflower seeds, which has an initial 
moisture content of W = 20.7, 23 and 25%, are 
presented in Figures 7, 8, 9. 
Figure 7. Influence of oscillation frequency of the vibrating tray 
on the kinetics of the sunflower seed drying process under 
initial moisture content of W = 20.7%. 
Figure 8. Influence of oscillation frequency of the vibrating tray 
on the kinetics of the sunflower seed drying process under 
initial moisture content of W =23%. 
Figure 9. Influence of oscillation frequency of the vibrating tray 
on the kinetics of the sunflower seed drying process under 
initial moisture content of W = 25%. 
Analysis of the presented curves has shown an almost 
uniform increase in the drying intensity under all 
considered oscillation frequencies of 80; 100; 120 
oscillations per second. The increase in the frequency 
above f = 100 oscillation per second results in the 
decrease of the speed of vibro-transportation. Such 
speed is sufficient for the seed separation from the tray 
surface, which facilitates its rotation and uniform 
irradiation at all sides. Therefore, the rational value of 
vibration can be taken as f = 100 oscillations per 
second.  
Conclusions 
According to the results of experimental studies, it 
can be concluded that the highest speed of vibro-trans-
portation of oilseeds is achieved under the speed of 
rotation of the drive electric motors within 950–970 
rotations per minute. In addition, under the specified speed 
of rotation, there begins vibro-transportation of seeds with 
the separation from the tray surface, which facilitates 
rotation of seeds and their uniform irradiation at all sides. 
The conducted experimental research has allowed us to 
specify the design parameters of the vibrating tray of 
the dryer and choose rational parameters of the techno-
logical process of drying, namely the oscillation 
frequency of the vibrating tray, which is f = 100 oscilla-
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